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SUMMARY

A theoreticalinvestigationofsomediscontinuousyawdampershas
beenmadewitha modifiedphase-planemethodto investigatetheeffac-
tivenessofthesedevicesinprovidingdampingandto studytheresidual
huntingoftenexpectedofdiscontinuouscontrols.Inthecasesofyaw-
damperoperationconsidered,therudderrunsat a constantrateandis
abruptlyreturnedtoneutralbeforestartingtorunat a constantrate
inthedirectionnecessatyforthenextsignalreversal.Thepointsat
whichtherudderstartsto runat a constantrateandsnapsbackto zero
aregovernedby a systemof contactsactuatedby a sideslipvane. some
possiblemechsmismsforprovidingthetypesof ruddermotionanalyzed
srediscussed.Thefourmethcdsofauxiliaryrudderoperationareas
follows: to opposethebuild-upofyaw,thereturnofyaw,buildup
andreturnofyaw,andto opposetheyawingvelocitywitha limited
rudderdeflection.

Comparisonofthedampingofthefouxcasesindicatesthatopposing
thebuildupofyawresultsinpoordamping,opposingthereturnofyaw
resultsingooddsmping,buttheairplaneisheldat somefiniteside-
slipanglewhena timelagispresent.Sucha situationwouldprobably
be veryundesirable.Operatingtheauxiliaryrudderto opposeboththe
buildupandreturnofyawresultsingoodoveralldampingandqsing
theyawingvelocitywithlimitedrudderdeflectionresultsinbetter
dampingat highaqlitudesofoscillationwithsomewhatreduceddamping
at swlleramplitudesfortheonevalueofmximumrudderdeflection
considered.

Thetheoreticalresultsindicatethata discontinuouscontrol
similarto thoseinvestigatedmaybe adjustedto huntat sufficiently
smallamplitudessoasnotto hamperthepilotduringgunneryrumsand
stillremaineffectiveinproducingdampingat largeramplitudes.The
deviceinherentlyprovidesadequatedampingovera largerangeofair-
speedanddoesnotopposethepilotinsteadymneuvers.

.
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Presentdesi~ trendstowardlowaspectratioandhighwingloadlng
haveinmanycaseshadseriousadverseeffectsuponthedampingof
lateraloscillations.As a result,auxiliarydevicesto improvethe

.—

dampingof lateraloscillationsarecomingintowidespreaduseonhigh.
perfor?mnceairplanes.However,theyawdampersme, ingeneral,complex
systemswhichusuallyemploya rate”~o orothersensingelementto
detectthemotionof theairplaneandto s@ply signalsto an electronic
amplifier.Theresultingamplifiedsignalisthenfedtotherudder ,.-
servotoprcd.ucethecorrectiveruddermotion.

Itwouldbe desirablefroma reliabilityandmaintenancestandpoint
to arriveata simplertypeofyawdamper..Reference1 presentsone
approachtotheproblemofsimplificationwherea combinationofa vi~cous
damperintheruddersystemandadjustedhinge-momentparameterscausethe
rudderto floatwiththerelativewindsothatitlagsthe_sideslipangle.
Thissystemwasfoundto improvethedampingofthecontrol-freelateral
oscillationbutratheraccurateadjustment-ofthehinge-momentparameters

.-

wasrequired.Thissystemmaynotbe satisfactoryinthetransonic
speedrangebecauseofthelargeerraticvariationofhinge-moment t.
parsneterswhichusuallyoccursinthisrange.

Thepresentanalysisis concernedwithsomediscontinuousyaw .
dampersinwhichan auxiliaryrudderisrunata constantrateina
directiondependentuponthedirectionofsideslip.Themechanical
systemconsistsonlyofa sideslipsensingvanefittedwitha systemof

-

contactsto operatea re@y whichin turncontrolsthedirectionof
rotationofan electricactuatoronanauxiliaryrudder.Inthesystems
investigated,theauxiliaryrudderactuatorisassumedto allowthe
auxiliaryrudderto snapbackto zerodeflectionbeforestartingtorun
ata constantrateinthedirectionnecessaryforthenextsignalreversal.
Amongthearrangementsconsideredaresystemsinwhichtheauxiliary

—

rudderreuminsat zeroorsomefinitedeflectionduringpartofthe
oscillationcycle.

—
.-

Discontinuous-typeyawdamperssuchas thoseconsideredinthis
analysiswouldbe expectedtoderivetheiradvantagesoverpresentyaw
dampersmainlybecauseoftheirsimplicity.Therefore,greaterreli-
ability,decreasedweight,cost,andmaintenancetimewouldbe expected
ofthesystems.Also,thediscontinuousdamperswouldprobablyremain
effectivethroughthetransonicspeedrange.Discontinuousmechanism,
however,oftenproducesteadyhuntingoscil.l&ionsof smallmagnittie
whichmightbe objectionableinthisapplication.Thepresentanalysis
isintendedto studythedegreeofdamping~roducedby thesedevicesand
theamplitudeofhuntingoscillationsassociatedwiththem. Inaddition, .
theeffectof changesinairspeedontheop.qrationofthedevicesis
considered.

4
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Iz

N

R

s

t

&

e

c
+
CD

f-%

P

E/2

cl/2

D

N$

NV

‘5r
.

vi
. .

aircraftmomentof inertiainyaw

ITb
yawingmomentorratio,~

NV

constantrateofruddermovement

nondimensionalmeasureofttie~

the, sec

rudderangle,deg

angleinphaseplane,deg

dampingratio

angleofyaw,radians

in terms of s, &
%

ILdampednaturalfrequencyintermsoftimeunit s, 1 - 2

undzuqedqaturalfrequencyofuncontrolledairplane,
radians/see

periodoftheuncontrolledairplane,sec

timeforoscillationtodampto ha~ amplitude

cyclesforoscillation

differentialoperator,

to dampto halfamplitude

d/ds

variationofyaw3ngmomentwith

variationofyawingnmmentwith

variationofyawingmomentwith

indicatedairspeed,knots

yawingvelocity,

aNyawsingle,—a~
aNrudderangle,—
&r
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Subscript: -.

0 initialvalueorvalueat thestart
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ofan interval

A dotovera quantitydenotesdifferentiationwithrespectto
actualtime.

ANLLYSIS

.

*.

Typesofyaw-damperoperationconsidered.-Thefourcasesof
auxiliaryrudderoperationconsideredinthisreportareshowngraph- - ‘- ~
icallyinfigure1 andaresumnarizedinthefollowingtable:

ControloperationSignalto start SignaltoreturnZase to oppose- controlmoving controltoneutral

Signof D$ when
I Buildupof $ @ goesthrough D$.o

zero

11 Returnof $ Signof D* after
~ changessign *’”

[11 Buildupand Combinationof Combinationof
returnof ~ casesI andII casesI andII

~ withmaximnnnrv ~r limited Signof ~ D$=o

Equationofmotion.-Thepresentanalysisutilizesthemodified
phase-planemethoddescribedinreference2.--Inorderto qlain the
methodofexpressingtheresultsinnondimensionalform,thenondimen-
sionalequationof~tion ofthesystemisfirstderived.

Theequationisderivedfora single-degree-of-freedomsystem
oscillatinginyawandcontrolledby smauxiliaryrudder.Inthisform,
theequationreadilylendsitseMtophase-p@neanalysissndperiodand
_@3 oftheoscillatingsystemmaybe predicted.Itwillbenoted
that,ina single-degree-of-freedomsystem,theyawangle ~ isequal
inmagnitudetothesideslipangle j3;therefore,thetwonotationsmay
be usedinterchangeably. *–-

.
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Inthegraphicalsolutionsofthefourcases,a constant-tW lag
is introducedto simulatethetimethatwouldactuallybe requiredfcr
theauxiliaryrudderto decelerateand.returnto zerodeflectionandto
accelerateto constantvelocity.Themethodof handlingthetimelag
willbe discussedlater.

Theequationofmotionisas follows:

(1)

Theequationisusuallywritteninnondimensionalnotationinorderto
improvethegeneralityofthesolution.

Nondimensionalizingof equation.-Firstjequation(1)isdivided
throughby12. Theequationisthen

.

By definitionthen

Makingtheabovesubstitutionsinequation(2)yields

(2)

(3)

.

.
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then,

Let

Introducenondimensionaltime

s = qt

andlet
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.

.
.—

(4)

_.

Equation(4)maythenbe written

D%+ D$(2~)-I-$ = -5rN (5)

Considertheright-handsideofequation(5). Whentherudderis
deflectedata constantrate,

* ,—

●
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Let

7

~r—=R
%

then,

br =Rs

Thedimensionlessformoftheequationthenbecomes

Inordertomakethesolutionmorereadilyapplicabletoa rangeofair-
speedsandflightconditions,equations(6) isdividedthroughby RN.
Then,

(7)

It isusefulto plottheresultsofthe
thisnewvariablev@. Thefollowing
fromequations(4)and(7):

phase-planeanalysisintermsof
rela.tionsarereadilydetermined

(8)

(9)

(lo)
.
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Obtaininga graphicalsolutionofa particularprobleminvolves
drawinga logarithmicspiralforthedesiredvalueofdampingratiod“
a suitablegridof linesforreadingvalues~of D2v/RNand ~fiN.
Thegridisthensuperimposedonthespiral.withtheoriginlocatedin
accordancewiththemodeofoperation(constantrudderrateor constant
rudderdeflection).Thetrajectoryrepresentinga solutionmaynowbe
tracedin.accordancewiththemethoddescribedindetailinreference2.
Graphicalsolutionsforthefourcasesofauxiliaryrudderoperation
consideredinthisanalysisarepresentedinfigures2 to ~. Solu-
tions2(a)and3(a)me plottedwithzero~~e kg andau otherSOh.ItiOIIS

areplottedwitha constanttimelagof s = 0.349. ~e-tilueof s
isrelatedto anamgle 0 inthephaseplarieby theequations . ~.
Timelag s . 0.349 correspondsto anangle (1. 20°. Thequantityu
isthedampednaturalfrequencyoftheuncontroll~airplaneinterms
ofthetimeunit s andisrelatedto thedampingratio ( by the
equationm = ~~2 (ref.2).

—

.

—

—

—

—

Illustrativeexample.-Inorderto illustratethemethodof
obtaininga solutionofa problemutilizingthemodifiedphase-plane
method,considercaseI withzerotimelag. Thegraphicalsolutionis
presentedinfigure2(a).Theassumedparametersandinitfalconditions — “~
applytoalltheexamplesconsidered. —

Thefollowingparametersareassumed: .

~ =0.@(u= O.9987)

Theinitialconditionsare:

Wo— = 5.0RN

*O o
—=

RN

from@ichmaybe derivedfromequation(7)

AC) -05
—=.

m
.

.

,.,,
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Initially,theyawangleisbuildingup ina positivedirection;
therefore,therudderreceivesa signalto runata constantratein
thepositivedirection.Theoriginofthespiralfortheconditionof
constantrateofrudderdeflectionislocatedat theintersectionof

9

D2*-0 and ~ = -1 (ref.2).
RN

Thespiralisnowrotatedtopass

throughtheinitialpoint
(
~
RN =5,g= )-0.5 andthefirstinterval

maybe tracedas showninfigure2(a).Whentheyawingvelocityreaches
zero,therudderreceivesa signalto snapbacktoneutral;thus,the
endofthefirstinterval,designatedby point1 infigure2(a),isfixed.
Whenevertheruddersnapstoneutral,theyawingaccelerationundergoesa

correspondingsuddenchangealonga lineof constamt2. Themagnitude
RN

*ofthechangein — isseenfromecjyation(7) to be -s,where s is
RN

thetimeintervalduringwhichtherudderhasbeenrunningat a constant
rate. ThetermsinvolvingD~ and $ donotinfluencethisjump
becausetheydo notchangeduringtheinstantaneousmotionoftherudder.

Valuesof ~ and ~ arereadfromthegridat theendoftheinterval
RN RN

andtheangle Elbetweentheradiallinesfromtheoriginofthespiral
throughtheinitialpointandtheendpointoftheintervalisread.

Thus,

&
RN

= -5.6

e = 76.90

from which & maybe computedfromequation(7)where

s 76.9=—=
: (57.3)(0.9987)

= 1.34

.,
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Thus,

&=

Thestartofthesecond

5.6 - 1.34= 4.26

intervalisnowfixed

NACARM L54B24a

.

.

at ~=o, &=4.X. _
Duringthesecondinterval,theyawangleisdecreasingduringwhich
time‘R= O sndtherudderremainsne;tral.Theorig~ ofthesyiral
isthereforelocatedattheoriginofthegrids.Thespiralisnow
rotatedtopassthroughtheinitialpointofthesecondintervaland
thesecondintervalistraced.Sincetheauxiliaryrudderremains
neutralonlyas longas theyawangleisdecreasing,theendpointof
thesecondintervalisat & .0, designatedaspoint2 infigure2(9}.

Thelocationofpoint2 isdeterminedfrom.thefact(shwninref.2]
that,whenevertherudderisinneutral,thevalueof L maybe read

froma setofverticalgridlines,withtheline ~ = & @S13@ through

theoriginofthegridsfor ~ and ~. Thisp%!titisalsothe “-,,.
initialpointforthethirdinterval.Duringthethirdinterval,the
rudderismovingata constantrateinthenegativedirectionandthe

D2V. ~ 9=1.
.,..

originofthespiralisat — Theintervalistraced
—.

m ‘ RN
inthesamemanneras interval1. Theaboveyrocedureiscarriedout
untiltheoscillationdampsorreachesa steadyhuntingosciuation.

—

Timelagduetoa deadspacebetweenvanecontactsandtim forthe
—

ruddertorespondis intrcd.ucedinsubsequentsolutionsby allowingthe
systemto operatein itspresentmodefora constanttimeintervalafter
itreceivesa signalto changeitstie ofoperation.

.—
.-

Itshouldbe notedthatthesolutionspresentedinfigures2 to 5
areonlysingletrajectories.A completesolutionwouldconsistofa
familyof trajectoriespassingthroughsn infinitenumberof initial

.—

points.Thelinesrepresentingthetrajectoryinthis~alysisare,—
-,

however,sufficientlyclosetogethertoallowintermediatesolutions6 ‘“
—.

be interpolatedina qualitativemanner.FQTthecasesanalyzedinthis
report,a familyoftrajectorieswillterminateinthesanehuntingcycle.

-..
—

.

.,
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RESULTS

TheoreticalResults

J-l

Timehistoriesof D2$/RN,IhJr/RN,~/RN and &/% arepresented
infigures6 to 9 forthefourcasesofauxilisryrudderoperationcon-
sideredinthisanalysis.ThetimehistoriesareobtainedfroIuthe
phase-planeanalysispresentedinfigures2 to 5 whichareallplotted
forthesameinitialconditionsandparametersaspresentedinthe
previousillustrationofthemethodofobtaininga graphicalsolution.

Comparisonofthedampingof thefourcasesismadeforcertain
amplituderangesexpressedintermsofhuntinganplitude.A comparison
onthisbasisis justifiedinthatit isthehuntingamplitudethatwill
limitthevalueof R or N ina practicalapplicationofa discontin-
uousdeviceofthetypeconsidered.Thehuntingamplitudemaybe
readilyadjustedtoanydesiredvalueby changingthevaluesof R and N.
Theresultsof sucha comparisonarepresentedinthefollowingtable
astimetodampto halftheinitialamplitudeovertheindicatedarrfpli-
tuderanges.In case2,wheretheairplaneapproachesa steadyoscil-. lationaboutsomesideslipangleotherthanzero,a valueoftwicethe
mimum sideslipoccurringduringthesteadyoscillationratherthanthe
huntingsmplitudewasusedindeterminingtheamplituderangesatwhich
thecomparisonofdaqingismade. Thismethodwasusedbecausethe
systemmightsettledownto eitherrightor leftsideslipdependingupon
theinitialconditions,andbecausethemaximumsideslipwouldprobably
be thecharacteristicmostobjectionableto thepilot.Thevaluesof
tim todampto halfsmplitudeandcyclesto dampto haM amplitude
weremeasuredby drawingan envelopecurveoftheoscillations(asshown
infig.6(a)),andmasuringthetimerequiredforthespecifiedchange
inamplitudeandtheapproximateperiodinthecorrespondingrange.All
thecasesconsideredinthefollowingtablearefora timelagof
s = o.=jikg.

.

II Dampingovertheindicatedamplituderangeof
multiplesof thehuntinganplitude

Case 20 to 10 loto5 5 tO 2.5 2.5 tO 1.25

%/2 cl/2 %/2 cl/2 T1/2 %/2 %/2 cl/2

I --. ---- 9.3 I_.6 9.2 1.7 9 1.9
11 2.6 0.4 2.5 .38 2.3 .74 2 .74
III 4.2 .68 2.3 .49 1.9 .47 2.1 .52
m 1.7 .34 1.7 .34 1.9 .47 3 1.07
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Inasmuchastheuncontrolledairptie
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.
with ~ = 0.C5 requires

—
—

2.2cyclestodamptohalfamplitude,-thelarge&rovementiidamping
incasesII,III,andIV isapparent.

—..—

Figures6(a)and6(b)showthemotioncsfthesystemwhenthe
amiliaryrudderbehavesinaccordancewithcase1. Figure6(a)isfor
zerotimelagandfigure6(b)isfora constanttimelag. Comparison —
offigures6(a)and6(b)indicatesthattheeffectoftimelagisto

.

reducethedamping.
—

Case11 offersconsiderably%etterdamp~ thancaseI overthe
amplituderangeinvestigated.Referencetofigure7 indicatesthat
thiscasetendstoholdthehuntingdowntorelativelysmallamplitudes;
however,thefeatureofopposingthereturnofyawalsotendstohold
thesystemat somefinitesidesiipanglewhena timelagispresent.

Thedampingof caseIIZseemstobebestiatlowamplitudesaround5
to 2.5timesthehuntingamplitudewitha decreaseindampingtoward
higheramplitudes.Timehistoriesof caseIIIsrepresentedinfigure8.
Theirregularitiesoftheoscillationinfigure8 fromarounds = 13
to s = 21 seemto occurduringthetransitionfrompositivedamping
to steadyhunting.Duringthistransitionpericd,theoscillationmay
reacha value of 1+/RN lowerthanthehuntingamplitudewherethe
systemisunstable..Therefore,theoscillationtendstobuildupagain
toa valuegreaterthanthehuntimgamplitude.Thisproceduremay
repeatforseveralcyclesbeforethesystemsettlesdownto a steady
huntingcondition.

CaseIVdifferssomewhatfromthepreviousthreecasesinthatthe
rudderdeflectionislimited.Therefore,theeqpationofmotionofthe
systemaspresentedintheanalysissectionforconstantrateofrudder

—

motiondoesnotapplyexactlytothiscase.Thetheoryofreference2,
however,maybe appliedto thiscase.Timehistoriesfora particular

br=
caseinwhich— = 1.57 areshowninfigure9. Thissolutionisless

R &
generalthanthosepresentedpreviouslyinasmuchasthevalueof ~

ordinarilywouldnotremainconstantundervariousfMght conditions.
%=A constantvalueof
T

WOUM requirethelimitingrudderdeflection

to increasedirectlywiththeperiodoftheoscilktion.Additional
6

solutionsforvariousvaluesof ~ wouldthereforebe requiredta

determinethebehaviorofthissyst;matvarious
themaximunrudderdeflectionremainedconstant.

valuesofairspeedif
*

.
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Fortheexampleshown,bestdampingoccursduringlarge-amplitude
oscillationswhentheauxiliaryrudderremainson itsstopduringpart
oftheoscil~tioncycle.Sincetheauxiliaryrudderrunsata constant
rate,theperiodofoscillationdetermineswhethertheauxiliaryrudder
reachesitsstopandhowlongitrerainsonthestop.Althoughthere
isa reductionindampingat theloweramplitdesforthiscase,the
dampingatamplitudesaroumd5 to 2.5timestheh~tingamplituderemains
thesameas forcaseIIIoverthesamerange.However,at evensmaller
amplitudesthedampingdecreasedconsiderablyfromthedampingof
caseIII.

ApplicationofResultsto a GivenSetofConditions

Applicationoftheresultsforgivenvaluesofairspeed,rtider
rate,‘&dso forth,maybestbe illw-tratedby an exampl~.L this
example,threevaluesofairspeedareassumedalongwiththeperiodof
oscillationandnaturalfrequencyoftheuncontrolledairplaneat each
airspeed.A valueforthequantityN oftheparticularairplanebeing
consideredmustbe determinedandtherateofauxiliaryruddernmvement
6r assumed.Forthisexsmple

N = 0.53

&r = 50/see

when N, ~r,and ~ areknown,thequantityRN isdeterminedfor
eachairspeed.Thefollowingtablesummarizestheaboveconditions.

IVi}knots P, see ~, radians/see RN

100 4 1.57 0.0294
200 2.5 2.51 .0184
330 1.6 3.91 .0118

Sincethevaluesof (~) and (N) areessentiallyindependentof
airspeed,it isnecessarytodetermineonlythenaturalfrequencyofthe
uncontrolledairplane~ andthequantityRN foreachairspeedand
applythemto theresultsof thephase-planeanalysisinaccordancewith
equations8 to 10to obtaintimehistoriesof theairplanemotionat
theassunedairspeed.Thepresentexampleisworkedoutwiththe
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auxiliaryrudder

.fgti&

— , NACARIfiL~B24a
.

behavinginaccordance-withcase111by readingvalues —

fromfigure8 at reguhrinterva~ofnondimnsiona~
.

time s. These quantities,alongwith
?9)~d ?$~~~~zz$airspeed,aresubstitutedintoeqyations

and $; also, s is convertedtorealtimewhere t = ~. The
%

resultingtimehistoriesarepresentedinfigures10to 12forspeeds
of 100,209,and300knots,respectively.Ingeneral,onlytheyawing
velocity~ andtheyawangle ~ areofpracticalinterestandthere-
forearetheonlyquantitiesplottedinfigures10 to 12.

Inapplyingtheresultsshowninfigure.8to variousvaluesofair-
speed,thetimelaginsecondsinoperationoftheruddermustbe
assumedtovaryinverselyastheairspeed.Iy practice,thiscondition-”
mightnotbe exactlyfulfilled,althoughthe.timerequiredfortherudder
to snapbacktoneutralfroma deflectedpos~tionwouldprobablydecrease
withincreasingairspeedbecauseoftheincreasedrestoringmomenton
therudder. -.

Someeffectsof speedonthehypotheticalairplaneandyawdamper
combination(controlledairplane)maybe derivedfroma comparisonof
theenvelopecurvesoffigures10to 12. A comparisonofthedamping
attheabovethee airspeedswasmadefroma‘commoninitialyawangle.
Timetodamptohalftheinitialamplitude~d cyclesto dampto half
theinitialamplitudeweredeterminedfromeachfigurewith
v= *0.05 radian(ork2.87°)astheinitialyawangle.Theabovequan-
titiesalongwithhuntingamplitudearetabulatedbelowtofacilitate
comparison.

I Hunting
Speed,knots T@J Sec C1/2 smplitude,

radians

100
I

1.83
I
o.? I *O.004

200 ~.6 I ●7 k.0025
330 I 1911.35 . *.0015

.—

—

.-

.

.

Fromtheabovetableitmaybe concludedthat,overthespeedand
amplituderangeinvestigated,theeffectof increasingspeedisto
decreasethetimeto damptohalftheassumedinitialamplitude,fncrease “ “-
cyclestodampto halftheinitialamplitude&_andreducethehunting .—
amplitude. —

.



Althoughtheprecedingcomparisonwasnmdefora giveninitial
amplitudeofdisturbance,thereissomejustificationforinkinga com-
parisononthebasisthattheinitialamplitudevariesinverselyas the
airspeed,becausedisturbancesduetoroughairoraileronyawing
momentsarelikelytobe greaterat lowervaluesofairspeed.Forthis
purpose,theentiretimehistoriesoffigures10to 12maybe compared
directly.

PRACTICALCONSIDERATIONSFORYAW-DAMPERDESIGN

Possiblemethodsofauxiliaryrudderoperation.-Thepreceding
analysishasnotbeenconcernedwithpracticalmethodsofachievingthe
varioustypesofyaw-damperoperationconsidered.Althoughno attem@
ismadeinthepresentreportto studytheengineeringproblems
involvedinthedesignofsuchmechanisms,somethoughthasbeengiven
topossiblemeansofachievingyaw-damperoperationof thetypes
analyzed.Thereasonsforselectingtheseparticularmethodsof oper-
ationarebasedonsomepracticalconsiderationswhicharenowdiscussed
briefly.

Indesigninga discontinuouscontrol,thefirsttypeofmechanism
usuallyconsideredisan on-offcontrolwhichresultsina square-wave
motionofthecontrolelement(inthiscasetheauxiliaryrudder).
Sucha methodappearsundesirableforthepresentapplication,however,
psrtlybecauseof itsjerkyactionandpartlybecausethelargepower
requiredtomve therudderrapidlywouldprobablyrequiretheuseof
a pneumaticorhydraulicactuatorwhichcanwithdrawshortburstsof
highpowerfroma sourceofstoredenergy.Thesedevices,although
theymaybe practical,introduceelementsof questionablere~ability
whichitwasdesiredto avoid.Iftherudderwerearrangedtorunback
andforthat a constantratewiththereversalpointsdeterminedas a
functionofyawangle,a smoothertypeof controlwouldbe obtainedand ‘
thereducedpowerrequirementswouldprobablyallowtheuseofan electric
actuator.Thetriangular-waveformoftheruddermotionintroducedby
thistypeof operation,however,introducesphaselagof 90°behindthe
controlsignal,whereasa phaseleadof90°aheadoftheyawisrequired
forobtainingoptimumdanpingof theyawingoscillations.If.ayaw
sensitivedeviceisusedas thesensingelement,somemeansto
introducea phaseleadof l~” inthecontrolsignalwouldbe required.
Nomechanismcapableofprovidingthismuchphaseleadwasfound.There-
fore,an effortwasmadetoreducethephaselagassociatedwiththe
controlmotion.By useofthecontrolssmalyzedpreviously,which
requiretheruddertorunat a constantrateandthensnapbacktoneutral
beforestarthgonthefollowingcycle,thephaselagoftherudder
motionisreduced.No detailedconsiderationhasbeenmadeofthepower
requirementsforthesetypesof controloperation.Useofa preloaded

—-
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centeringspringontheruddermightbe requiredtoreturntherudder
rapidlytoneutral.

—
Theactuatorwhichdisplacestherudderwouldhave ._ —

to overcometherestoringtendencyofthisspringtogetherwiththe .
aerodynamicrestoringmomentsontherudder.Itdoesnotappear,however,
thattheinstantaneouspowerrequirementswouldbe as largeasthose
associatedwithm approximatelysquare-wavetypeofruddermotion.

Somepossiblemeaqsofachievingtheyaw-damperoperationofthe
fourcasesconsideredinthisreportarepresentedinfigure13. The
sideslipsensingdeviceforthisillustrationisa simplevane. It iS
shownlaterthata vaneofferscertainadvantagesas comparedto other

—

sensingdevicessuchas a rateordisplacementgyroora lateral
accelerometer.A setof lightelectricalcontactsisfixedtotheside-
slipvaneshaftandthematingcontactsaremountedona yokeorpair
ofyokeswhichpivotsaboutthevaneshaft.Theyokemaybe rotatedby
thesideslipvaneagainsta lightfrictionrestraint.A circuitthrough
a low-amperagepowersupplyto oneoftherelaycoilsiscompleted
throughthevaneandyokecontacts.Therelayshownb figure13will,

.—

inturn,completea circuittotheauxiliaryrudderactuator.

CaseI.-Thecontactarrangementforopposingthebuildupofyaw
ispresentedinfigure13(a).As theairplaneyaws,a vanecontact .
closesa circuitthroughoneoftheyokecoritacts.Thevaneisrepre-
sentedschematicallyinfigure13asa str-ined airfoilsection.The
vanedragsoneoftheyokestithitwhiletheotheryoke’lsrestrained .
by a mechanicalstop. Onerelaycoilisactuateddependinguponthe
directionofyawand,inturn,closesa circuittotheauxiliaryrudder

—

actuator.Whentheyawingvelocitybecomeszero,theyokeisrestrained
at itsmaximumdeflectionby friction.As thevanestartstoreturnto
neutral,thecircuitisbrokenandtherudderisallowedto snapback
toneutral.Therudderremainsneutralastheyawangleisdecreased
andthedisplacedyokeisreturnedto itsstopby theyokereturnarm.
Thisarmincorporatesa preloadedspringstrongenoughto overcomethe
frictionrestraintontheyoke. Thepurposeofthespringisto allow
thevanetodeflectby compressingthespringagainsttheundisplaced
yokewhichisrestrainedby a stop.

CaseTI.-Thecontactarrangementforopposingthereturnofyawis
showninfigure13(b).As theyawanglebuildsup inthiscase,there
isno completecircuitto eitherrelaycoil.Thewiperarmcontacts
thewiperstripandtheoppositevanecontactdragstheyoketo a
deflectedpositiondependingontheyawangle.As theyawingvelocity
reverses,however,thepairof contactsonthesamesideasthewiper
armisclosedanda circuitthroughonerelaycoilis completedandthe

.-

rudderactuatoristhusenergized.Whentheyawangleagainbecomes
zero,thewiperarmbreaksthecircuitand@e rudderreturnstoneutral
beforethecyclerepeatsintheoppositetiection.A variationofthis

—
.

.
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arrangement,simplya reversaloftheconnectionsto thewiperstrip,
mayalsobe usedto givethecontactactionrequiredforcase1.

CaseIII.- Thecontactarrangementforopposingthebuildupand
returnofyawispresentedinfigurel(c). ~s caseisa combtition
of caaesI and11. Thecontactactionrequiredisobtainedfroma vari-
ationof case11by simplyconnectingthewiperstripsas infigure13(c).
As theyawingvelocityis increasing,a setofvaneandyokecontacts
closethecircuitthroughthewiperstrip.As theyawingvelocity
reverses,thecircuitismomentarilybrokenandtherudderisallowed
to returntoneutral.Theoppositesetofvaneandyokecontactsthen
completesthecircuitandtherudderrunsintheoppositedirection.

CsseIV.-Thecontactarrangementforopposingtheyawingvelocity
ispresentedhfigure 13(d).h thiscasetheyawdamperopposesthe
yawingvelocityandtheauxiliaryrudderdeflectionislimited.Limiting
therudderdeflectionmaybe accomplishedby a pairof stopsonthe
auxiliaryrudderanddoesnotaffectthecontactarrangement.Depending
uponthedirectionofyaw,thevanecontactwillclosea circuitthrough
oneyokecontacttotherelay.Thevanewilldragtheyokewithitand
as longastheyaw~ velocitydoesnotchangesigntherudderactuator
willreceivea signalto runtheauxiliaryrudderinthecorresponding
direction.Aftertheauxiliaryrudderhasreacheditsmaximumdeflec-
tion,Itwillremainthereuntiltheyawingvelocityreverses,atwhich

. the theauxiliaryrudderwillfirstreturntoneutralandthenstart
to runintheoppositedirection.

A sketchofan auxiliaryrudderactuatorapplicableto thistypeof
controlispresentedinfigure14. Allthegearsfromthemotorto the
auxiliaryruddercabledrm arein constantmesh. GearsA andB are
facedwitha frictiondisktomatetheclutchfacingsC andD. The
threewiresfromtheclutchsolenoidsareconnectedthrougha power
supplyto therelaycontactsshownimfigure13. Whentheyawdamperis
inoperation,themotorcontinuallyturnsinonedirection.Thedirec-
tionofrotationoftheauxiliaryruddercable&runisdependentupon
whichpairof clutchfacingssreengaged(A-CorB-D). Eachclutch
facingmaybe engagedby oneoftheclutchsolenoidsdependinguponthe
signalfromyawvanecontacts.Whenneitherclutchsolenoidisengaged,
theauxiliaryrudderisfreeto floatbacktoneutral.Ifdesjred,the
returnto neutralnw,ybe aidedby a preloadedcenteringspringonthe
auxiliaryrudder.

Discussionof sensingdevices.-Withinthelimitsofapproximation
oftheforegoingtheory,eithera sideslipvane,a lateralaccelerometer,
ora displacement~o mightbe usedto operatethecontactmechanism
fortheyawdamper.Thedisplacementgyro,however,wouldsenselong-

. periodheadingchangesfroma straightcourseaswellas short-period
oscillations. Additionalrathercomplicatedmechanismswouldbe
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requiredtoallowthedeviceto functionasa yawdamperdurbg turns
orothermaneuversinvolvinga changeinheading. .

Theuseofa sideslipvaneora lateralaccelerometeravoidsthe
sensitivityto headingchamges.A relativelylargeaccelerometermass,
however,wouldprobablybe requiredtogiveoperatingforcesforthecon-
tactmechanismequivalenttothoseobtainablefroma relativelysmallvane.

A rategyroisnotequivalentto theprecedimgdevicesinasmuchas
itgivesa signalwhichleadstheyawingdisplacementby 90°. The
additionalleadprovidedby a rategyrowouldalLowtheuseofother,
perhapssimpler,contactarrangementsormethodsofcontroloperation.
Therategyro,however,givesa signalin a steadyturnwhichwould
introduceadditionalproblems. —

Comparisonwithconventionalyawdamper.-A conventionallinear
yawdamperusinga rategyroasa sensingelementtendstoprovide
increasedamountsofrudderdeflectioninoscillationsathighervalues
ofdynamicpressurebecausetheyawingvelocityfora givenamplitude
ofyawvariesinverselyas theperiodoftheoscillation.Forthis
reason,ifsucha deviceisadjustedtoprovideoptimumdsmpingina
high-speedconditton,itmay,unlessspecialprovisionsaremade,be

—
.

relativelyineffectiveinthelow-speedland--approachcondition.For
thesamereason,ifthedeviceisadjustedtoprovideoptimumdampir@
inthelow-speedcondition,theeffectivehrge increaseingainwith

.—.
increasingdynamicpressure,togetherwithlagordeadspotinthemech-
anisms,mayresultininstabilityorhuntinginthehigh-speedconditions.
Theyawdampersinvestigatedinthepresentreporttendtoreversethis
conditionandprovideincreasedrudderdeflectionat lowervaluesof

—

airspeed.As a result,no specialprovisionsarerequiredto change
gainsasa functionofdynamicpressure. —

Theyawdampersconsideredhereinhavean inherenttendencyto hoprrt
at smallamplitudes.As shownpreviously,however,thehuntingaqplitude
maybe relativelysmalleventhoughthedampingat largeramplitudesis
adeqyate.A huntingamplitudeof~0.0015radian,or&l.5roils,maybe
difficultforthepilottodetectexceptincotiitionsofverysmoth
air. Althoughconventionalyawdampersareintendedto operateas
linearsystems,nonlineareffectssuchasdeadspotorfrictionfrequently
causea similartendencyto huntat smallamplitudes.

A yawdamperusinga rategyroasa sensingelementgivesa signal
opposingthepilotina steadyturn. Therefore,additionalequipment
isusuallyprovidedto causethesignaltodisappearina steadyturn.
Theuseofa sideslipvaneas a sensingdeviceinthesystemstudiedin
thisreportavoidsthisproblem. ..

.

.
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Effectofpilotcontrol.- As showninfigure7(a),
incaseII,whichopposedthereturnoftheairplaneto

19

thearrangement
zeroyaw,pro-

ducedexcefientdampingbutresultedina smll steady-statesideslip.
Ifthepilotusedhiscontrolsinan efforttoreducethissideslip,
theyawdamperwouldapplyadditionalrudderto opposehim,anda con-
ditionmightdevelopinwhichthepilotwasfightingtheyawdamper.
Sucha situationwouldprobablybe veryundesirableandthearrangement
of caseII isthereforeconsideredunsatisfactory.ThiS difficultyiS
avoidedwiththeothercontrolarrangementsstudied.

CONCLUDINGREWWC3

A theoreticalanalysisofsomediscontinuousyawdampershasbeen
madeto determinethedegreeofdampingproducedby thesedevicesand
therelativemagnitudeofresidualhuntingtobe expectedofdifferent
discontinuous-typecontrols.In thefourcasesofyaw-dsmperoperation
consideredinthisreport,therudderrunsat a constantrateandis
abruptlyreturnedto neutralbeforereversing.Thepointsatwhichthe
ruddernmtionstartsandreversesaregovernedby a systemof contacts
actuatedby a sideslipvane. Thefourmethodsofauxiliaryrudderoper-
ationareas follows:to opposethebuildupofyaw>theret~n ofww,
buildupandreturnofyaw,andto opposetheyawingvelocitywitha
limitedrudderdeflection.

Comparisonofthedampingofthefourcasesindicatesthatopposing
thebuildupofyawresultsinpoordazuping,opposingthereturnofyaw
resultsingooddsmping,buttheairplaneisheldat somefiniteside-
slipanglewhena timelagispresent.Sucha situationwouldprobably
be veryundesirableandthereforethiscaseis consideredunsatisfactory.
Operatingtheauxiliaryrudderto opposeboththebuildupandreturnof
yawresultsingod overalldamping.Operatingtheauxiliaryrudderto
opposetheyawingvelocitywitha limitedrudderdeflectionresultsin
betterdampingat highamplitudesof oscillationwithsomewhatreduced
dampingat smalleramplitudesfortheonevalueofm,ximumrudderdeflec-
tionconsidered.

Theeffectof changeinairspeedwasstudied
system,thatofoperatingtheauxiliaryrudderto
upandreturnofyaw.

forthemostipromising
opposeboththebuild-

Overthespeedandamplituderangeinvestigated,theeffectof
increasingspeedisto decreasethetb to dszupto halftheinitial
amplitude,increasecyclesto dampto halftheinitialamplitudeand
reducethehuntingsnplitude.Thehuntingsmplitudecanbe mde suf-
ficientlysmall(about*1.5roilsat an airspeedof 330knots)thatit
wouldprobablynotbe objectionableingunneryruns,whilegooddamping
ismaintainedat largeramplitudes.
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Sincethetypeofyawdsmperconsideredinthisreportproduces
rudderdeflectionsproportionalto theperiodofoscillation,thecon-

..

trolremainseffectiveinproducingdampingat lowspeedsaswellas
“

highspeeds.Also,useofa sideslipvaneqsa sensingdevicedoesnot
givea ruddercontrolsignalopposhgthepilotina steadyturnas
woulda linearyawdamperwitha rate-gyro-typesensingelement.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,FebruaryU, 1954.
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(b)Case11 - opposereturn
or yaw.

(d)CaseIV-oppose
velocity.

Flguxel.- Rudderoperationfor the fourdlscontinuouayaw-damper
,s..rrangementsconsidered.
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